Introduction
. Ultimately, the ability of these factors to promote the differentiation of naive T cells toward Among the factors that control the differentiation of T the Th2 or Th1 pathways relies in large part on their lymphocytes, interleukin-4 (IL-4) and interferon-␥ (IFN␥) propensity to provide a bias for induction of either IL-4 play pivotal roles in promoting the differentiation of or IFN␥ in T cells and of IL-12 in APCs. However, upon CD4 ϩ naive T lymphocytes toward T helper 2 (Th2) and immunization of IL-4 Ϫ/Ϫ mice with soluble antigens or T helper 1 (Th1) effector cells, respectively. Both Th parasites, there is evidence that IL-5, IL-13 (Chensue et subsets are subjected to cross-regulation, such that Th2 al., 1997; Hogarth et al., 1998; Urban et al., 1998) , and development is inhibited by IFN␥, whereas Th1 develop-IL-9 (Monteyne et al., 1997) expression nevertheless ocment is inhibited by IL-4. IL-4 is itself the hallmark cytocurs, indicating that IL-4 is not the sole determinant for kine of the Th2 effectors, insofar as cells that become Th2 cytokine gene expression. competent to express IL-4 concomitantly acquire the
The genes encoding IL-4, IL-5, IL-13, GM-CSF, and ability to produce other Th2-specific cytokines such as IL-3 are clustered within a 1000 kb array on mouse chro-IL-5, IL-9, IL-10, or IL-13 (reviewed by  mosome 11 and may have arisen by gene duplication Paul and Seder, 1994) . For Th1 effectors, the hallmark (Boulay and Paul, 1992; McKenzie et al., 1993) . Because cytokine is IFN␥, although these cells also express Th2 cells can express various combinations of these lymphotoxin and IL-2. Th0 populations and clones secytokines, it is likely that, even if there is some shared creting combinations of Th1-and Th2-type cytokines regulation of the linked genes, independent regulation have also been described (Bucy et al., 1994; of cytokine transcription can also result as a conseet al., 1995; Murphy et al., 1996; Miner and Croft, 1998) .
quence of specific signals or of appropriate selective Numerous studies that have examined the differentiaenvironments. Selection of T helper cells that express tion of Th1 and Th2 effectors suggest that these two appropriate cytokines would imply that the cytokine prosegregated phenotypes represent endpoints of chronic gram of a particular cell is the result of a stochastic stimulation (reviewed by . In vitro studies program to turn on any particular gene. There is currently show that Th1 and Th2 populations can still revert to no molecular evidence to distinguish between stochasthe reciprocal subset after 1 week of stimulation but tic versus instructed mechanisms of cytokine gene expression. ‡ To whom correspondence should be addressed (e-mail: riviere@
Several features of IL-4 transcriptional control have been recently elucidated. Naive T cells do not express saturn.med.nyu.edu). Reporter Gene at the IL-4 Locus (A) A map of the targeting vector is shown along with the wild-type (WT) and the predicted recombinant IL-4 loci. The neo box stands for the neomycin resistance gene and huCD2 box for the tailess huCD2 cDNA. Homologous recombination between the WT locus and the targeted construct results in the replacement of the first exon with the huCD2 cDNA and insertion of the SV40 polyA cassette downstream of the second exon. Restriction enzyme sites: E, EcoRI; B, BamHI; H, HindIII; Bg, BglII; P, PstI; S, ScaI. (B) Southern blot analysis of recombination on the 5Ј side of the targeting vector in a targeted ES cell clone. Genomic DNA was extracted from ES cells, digested with EcoRI, and hybridized with probe A. The WT locus generates a 10 kb fragment and the recombinant locus a 7.5 kb fragment. (C) Analysis of offspring tail DNA for recombination on the 3Ј side of the targeting construct. Genomic DNA was prepared from tails, digested with BamHI and ScaI, and hybridized with probe B. The WT locus generates a 7.3 kb fragment and the recombinant locus a 5.3 kb fragment. In (B) and (C), the genotypes are indicated as WT (ϩ/ϩ) and heterozygous (Ϫ/ϩ).
any detectable IL-4, but upon appropriate antigenic stimuResults lation IL-4 expression is established within 48 hr (Le Gros et al., 1990; Lederer et al., 1996) . Initiation of this Targeting of the huCD2 cDNA cellular differentiation program involves the activation of into the Murine IL-4 Locus numerous transcription factors and possibly chromatin
To mark cells that express IL-4, we designed a vector remodeling (Ho et al., 1996; Hodge et al., 1996; Lederer for homologous recombination of a cDNA encoding an et Zheng and Flavell, 1997; Yoshida et al., inert form of huCD2 into the murine IL-4 locus ( Figure  1998 ). IL-4 expression, like that of IL-2, is thought to be 1A). Expression of the huCD2 molecule can be moniregulated by an all-or-none mechanism that leads to a tored by flow cytometry at the single cell level and does relatively fixed level of cytokine expression per cell not interfere with normal murine development (Sawada (Bucy et al., 1994; Itoh and Germain, 1997) . Although et al., 1994) . We further engineered the huCD2 cDNA to this mechanism has not been confirmed at the molecular delete its cytoplasmic domain and to eliminate its ligand level as extensively as for IL-2 (Garrity et al., 1994) , binding activity (see Experimental Procedures). The muits existence would suggest that a threshold of TCR tant huCD2 cDNA was introduced at the translation start signaling is essential to promote the activation and the point of the IL-4 gene, such that the initiating codon of simultaneous assembly of all necessary transcription the huCD2 cDNA replaced that of the target gene. This factors on the IL-4 promoter. Limiting availability of any strategy aims to optimally preserve the regulation of one factor may determine if the all-or-none transcriphuCD2 expression under the cis-regulatory transcriptional phenomenon is achieved. As previously reported tional control elements of the IL-4 gene. The deletion of for the IL-2 gene, it may also restrict the transcriptional exon 1 also fully disrupts the expression of IL-4 from activation to a single allele (Hollander et al., 1998) . the targeted allele. A polyadenylation signal was introTo facilitate experimental manipulation of T helper duced in intron 2, upstream of the previously identified cell subsets and to study mechanisms that control IL-4 mast cell enhancer (Henkel and Brown, 1994) , to prevent gene expression, we developed a strategy to tag IL-4-premature destabilization of the huCD2 mRNA. This tarexpressing cells at the single cell level. Homologous geting vector was used to electroporate E14 embryonic recombination was used to replace one of the IL-4 alleles stem (ES) cells, and G418-resistant clones that had unwith a cDNA encoding an inert form of the cell-surface dergone homologous recombination were identified by human CD2 (huCD2) molecule. Mice with a huCD2-tarSouthern blot analysis with flanking probes allele expressed the cell surface marker only 1C). Targeted ES cell clones were injected into C57BL/6 on appropriately polarized Th2 cells. However, analysis blastocysts, and, following transmission of the mutation of huCD2 and IL-4 expression in Th2-enriched cell lines to the germ line, a line of mice heterozygous for the revealed that most cells expressed only one of the two "knock-in" (KI) of huCD2 at one of the two IL-4 alleles IL-4 alleles. The frequency of biallelic expression sugwas established (huCD2-KI mice). gests that the activation of each individual allele is independently regulated by a stochastic process. We show
The Majority of Th2-Polarized Cells Express Either that the ratio of monoallelic-versus biallelic-expressing the IL-4 or the huCD2 Allele cells is independent of the stage of T cell development
To characterize the pattern of reporter gene expression and of TCR specificity but does correlate with the in the huCD2-KI mice, Th1 and Th2 polarized cell lines strength of TCR-mediated signaling. Thus, our results were established from the lymph nodes of huCD2-KI uncover an additional level of complexity in the regulaand WT littermates. Cell lines derived from both WT and tion of IL-4 expression in T lymphocytes involving allelespecific activation.
huCD2-KI animals were highly enriched for intracellular ϩ enriched T cell line was generated from lymph nodes of N3 C57BL/6 huCD2-KI mouse as described in (A). In (A) and (B), Th2-enriched cell lines were generated in the presence of IL-4 and Th1 cell lines in the presence of IFN␥ and anti-IL4 MAbs. After the fourth overnight stimulation on plate-bound anti-CD3 MAbs, the cells were treated for 6 hr with PMA (50 ng/ml) and ionomycin (500 ng/ml) and stained for huCD2, mCD4 and IL-4, or IFN␥. expression of IFN␥ if they had been polarized toward IL-4. As expected, the vast majority of lymphocytes that produced IFN␥ did not coexpress any IL-4 or huCD2 the Th1 lineage, but there was no expression of huCD2 ( Figure 2A ; data not shown). In contrast, a large propor-( Figure 2B , left and center). Furthermore, huCD2 and IL-4 were down-modulated and induced in parallel when tion of Th2 cells expressed IL-4, and more than 20% of cells from the KI animals but not from the littermate polarized populations of Th2 cells were rested or stimulated, respectively ( Figure 2B , Th2 resting or activated). controls expressed the huCD2 reporter molecule. Because both huCD2 and IL-4 were expressed only in CD4 The proportion of cells that coexpressed either IL-4 and IL-5 (13.3%) or huCD2 and IL-5 (12.4%) were also comcells polarized to the Th2 lineage, we expected that these molecules would be coexpressed in these cells. parable ( Figure 2B , lower). IL-5 was also expressed in "Th2" cell populations derived from mice homozygous However, most of the cells cultured under Th2-promoting conditions expressed either IL-4 or huCD2, and only for the huCD2-KI allele (data not shown). In conclusion, in the huCD2-KI mice the reporter gene is specifically a minority of cells expressed both (Figure 2A, right) . This pattern of expression was confirmed in all Th2-enriched induced by activation of T cells in the presence of added exogenous IL-4 and not in the presence of IL-12. The cell lines derived from all animals examined (n Ͼ10) (Figures 2A and 2B; data not shown) .
expression of huCD2 is thus induced in parallel with that of IL-4. To ensure that the phenotype of the huCD2-expressing cells was similar to that of IL-4 expressing cells, we
To further verify that expression of huCD2 does not intrinsically modify the frequency of Th2-like cells that examined the patterns of expression of IFN␥ and IL-5 in the Th2-enriched cell lines. Such polarized populations develop in polarized cultures, we compared the frequency of these cells in CD4 ϩ T cell lines derived from were intentionally generated in the absence of anti-IFN␥ MAbs so that IFN␥-expressing cells could develop and huCD2-KI animals versus WT littermates. To be able to control the strength of stimulation, we used T cell lines provide an internal control upon staining for huCD2 and ϩ V␤8 ϩ T lymphocytes (5 ϫ 10 5 /well) derived from D011.10 TCR␣␤ WT and huCD2-KI transgenic mice were cultured with irradiated splenocytes (2 ϫ 10 6 /well) and increasing doses of antigen (0.01 to 30 M of OVA 323-339 peptide) in 24-well plates. Cells were restimulated every 5 to 7 days. Within 7 hr following the fifth stimulation, the cells were stained for huCD2, IL-4, and V␤8. Anti-huCD4 was used as a control antibody for huCD2 expression, and rat IgG2b was the isotype control for the anti-IL-4 MAb. The gate was set on V␤8 ϩ T cells. ϩ T lymphocytes polarized toward the Th2 pathway are T cell lines derived from huCD2-KI or WT animals crossed to the D011.10 TCR␣␤ transgenic mice were present at the same frequency in T cell lines derived from either WT or huCD2-KI animals. This result further prepared as described above. The CD4 ϩ V␤8 ϩ T cells were stimulated in the absence of exogenous IL-4 with confirms that the three discrete phenotypes (IL-4 ϩ huCD2
ϩ , and IL-4 Ϫ huCD2 ϩ ) that we obincreasing doses of peptide antigen to deliver quantitatively different signals. In this experiment, the T cells served in T cell lines polarized in the presence of exogenous IL-4 are bona fide Th2 cells. Taken together, these were analyzed after the third stimulation, as soon as huCD2 and IL-4 molecules became readily detectable results show that expression of the huCD2-KI allele is highly Th2-specific, but not paired with that of its WT by FACS analysis. Because we expected a bias toward the Th2 differentiation pathway (see Figure 3 and below), IL-4 counterpart, suggesting that IL-4 expression is regulated by a mechanism that involves a limited probability we reasoned that performing the analysis as early as possible would result in the optimal detection of the Th0 of activating each allele.
Analysis of animals that had inherited the huCD2-population whose stability seems to be dependent upon the relative amounts of IL-4, IFN␥, and IL-12 present in tagged allele either paternally or maternally showed that expression of the individual alleles is independent of the cultures (Openshaw et al., 1995; Murphy et al., 1996; Miner and Croft, 1998) . By performing three-color stainparental imprinting (data not shown). Our results also show that monoallelic versus biallelic expression of the ing with anti-IFN␥ MAbs, we were able to identify not only the Th1 cells but to further distinguish Th2 from IL-4 loci is not dictated by the specificity of the TCR. Indeed, we find monoallelic-and biallelic-expressing the IFN␥-expressing Th0 cells ( Figure 4A ). The relative frequencies of Th1, Th0, and Th2 cells were assessed cells in comparable ratios in both polyclonal T cell populations (derived from non-TCR transgenic mice; Figure (A) Flow cytometry-sorted CD4 ϩ V␤8 ϩ T lymphocytes (5 ϫ 10 5 /well) derived from D011.10 TCR␣␤ huCD2-KI transgenic mice were cultured as in Figure 3 . The Th2 control cell line was initiated in the presence of 1 M OVA 323-339 peptide, IL-4, and anti-IFN␥ MAbs, and the Th1 cell line was initiated in the presence of IL-12 and anti-IL-4 MAbs. All cell lines were restimulated 6 and 12 days after initiating the cultures with OVA 323-339 peptide. Within 10 hr following the third stimulation, the cells were stained for huCD2, IL-4, and IFN␥ (activated). Cells not restimulated were stained in parallel (resting). After performing three-color staining for IFN␥, huCD2, and IL-4, the percentages of Th0, Th1, and Th2 cells (bottom numbers) were deduced from the FACS data for each peptide concentration. Cells that coexpressed IFN␥ with either huCD2 or IL-4 or with both IL-4 and huCD2 belong to the Th0 subset. Cells that expressed huCD2, IL-4, or both in the absence of IFN␥ are classified as Th2 cells. Cells that expressed only IFN␥ are Th1 cells. (B) Correlation of the relative frequency of biallelic expression with the strength of TCR-mediated signaling. The relative percentages of Th2 and Th0 cells expressing either a single or both alleles were deduced from data in Figure 4A . The finding that activation of individual IL-4 alleles is and Th0 cells also developed, although at lower frequenindependent of maternal or paternal inheritance, of TCR cies. We further observed that the frequency of T cells specificity, and of stage of mature T cell differentiation that expressed both IL-4 locus alleles within the Th2 suggests that expression is governed by a stochastic population was augmented in parallel with the peptide mechanism. If each allele is independently regulated by concentration (from 20.3% with 0.01 M to 44.4% with a stochastic process, the fraction of cells that express 30 M OVA) ( Figure 4B, left) . As was observed with Th2 both alleles should be roughly equal to the product of cells, the frequency of Th0 cells in which both alleles the frequencies of cells expressing either allele, at least were transcriptionally active also rose upon stimulation in T cell lines maintained by stimulation with low concenwith increasing amounts of antigen (from 15.8% with trations of peptide (Ͻ1 M OVA) or moderate concentra-0.01 M to 63.5% with 30 M) ( Figure 4B, right) .
tions of plate-bound anti-CD3 MAbs (1 g/ml). A sumIn the control Th2 cell line generated in the presence mary of the relative frequencies of monoallelic versus of exogenous IL-4 during primary stimulation, there was biallelic expression in the various cell lines stimulated no significant difference in the relative frequency of bialunder these conditions is shown in Table 1 . The prelelic expression (30.5%) from cells prepared by antigen dicted frequencies of biallelic expression deduced from stimulation in the absence of IL-4 (36.8%) ( Figure 4A) . the product of the frequencies of monoallelic expression This observation is in accordance with the finding that generally match the observed frequencies. Hence, our the production of IL-4 by differentiated Th2 cells as a results are consistent with a model in which allele-speresult of TCR-mediated stimulation is independent of cific activation at the IL-4 locus is initially regulated by IL-4 itself (Bucy et al., 1995; Huang et al., 1997) . a stochastic mechanism (Table 1) and is subsequently Our results suggest that two mechanisms contribute regulated by the strength of signal delivered through to the augmentation of IL-4 production with increased the TCR (Figure 4) . strength of signal delivered through the TCR. There is an increase in both the relative frequency of Th2-like
Stability of Allele-Specific Expression cells in which IL-4 is expressed and in the frequency of Monoallelic activation of IL-4 could be stable, implicat-IL-4-expressing cells in which both alleles at the IL-4
ing epigenetically regulated expression of a specific allocus are transcriptionally active. The latter observation lele, or unstable, with random reestablishment of allelealso applies to Th0 cells, suggesting that the ratio of specific transcription following each T cell activation or biallelic:monoallelic expression is independent of the cell division event. To distinguish between these two endogenous production of IFN␥ in these cells ( ), we found that the fregenic animal ( Figure 5 ). These cells were stimulated in quency of biallelic expression (23%) was not signifithe presence of APCs and 5 M OVA peptide and sorted cantly different from that observed in unfractionated cell within 10 hr after restimulation. The pattern of huCD2 populations (16 to 27%) (data not shown). Memory cells and IL-4 expression was determined prior to sorting the were able to produce IL-4 or huCD2 more rapidly than cells ( Figure 5 , left). The purity of the sorted ThCD2 ϩ naive cells, but this response was not the result of an and ThCD2 Ϫ was greater than 98% ( Figure 5 , center), increase in biallelic activation (data not shown). The freand less than 0.7% contaminating cells expressing only quency of cells in which both alleles are transcriptionally IL-4 were detected in ThCD2 ϩ cells after the sort (data active thus appears to be dependent on the strength of not shown). signal delivered through the TCR rather than on either As expected, within 48 hr after the cells were sorted, the presence in the microenvironment of cytokines such expression of huCD2 was down-modulated in the ThCD2 ϩ as IL-4 or IFN␥ or the stage of mature T cell differentiation. cell populations ( Figure 5 , peak 2 in center top). ThCD2 ϩ Figure 5 . Stability of the Flow CytometrySorted huCD2 ϩ T Cells A CD4 ϩ V␤8 ϩ T cell line derived from a D011.10 TCR-␣␤ transgenic huCD2-KI animal was generated by sorting CD4 ϩ V␤8 ϩ T cells prepared from lymph nodes. Cells were stimulated every 5 to 7 days with irradiated splenocytes and 5 M of OVA 323-339 peptide. After the fourth stimulation, huCD2 ϩ (ThCD2 ϩ ) and huCD2 Ϫ (ThCD2 Ϫ ) T cells were sorted by flow cytometry at 98% purity (center panels, peaks 1) and put back in culture. ThCD2 ϩ cells were stained for huCD2 48 hr after the sort (center top panel, peak 2). Both ThCD2 Ϫ and ThCD2 ϩ T cells were restimulated with irradiated splenocytes and 5 M of OVA peptide 6 days after the sort. Within 7 hr after the restimulation, the cells were stained with antibodies for huCD2, IL-4 and V␤8 ϩ . The cells are gated on V␤8 ϩ T cells.
and ThCD2 Ϫ cells were restimulated 6 days after the express either IL-4 or huCD2 at the time of sorting. The huCD2 ϩ cells could thus have arisen from the ILsort, and the pattern of expression of huCD2 and IL-4 was determined by FACS analysis. Upon restimulation, 4 Ϫ huCD2 Ϫ population and not from cells already committed to expressing IL-4, a distinction that could only a significant proportion of the previously sorted ThCD2 ϩ cells (16.5%) had lost the ability to express huCD2 and be made in clonal analyses.
To further explore the stability of IL-4 allelic expresonly produced IL-4, while about 30% of the cells expressed huCD2 ( Figure 5 , right top). The overall pattern sion, we analyzed CD4 ϩ T cell clones generated either by limiting dilution or FACS cell sorting. The analysis of of huCD2 and IL-4 expression was similar to that observed in the presorted population, which suggests that representative clones is shown in Table 2 . Most of the clones fell into one of four categories: either each cell the allelic expression pattern of the sorted cells was unstable. Restimulation of the huCD2 Ϫ cells 6 days after within a clone mainly expressed a single allele, IL-4 (clones #6, #7, #8, and #9), or huCD2 (clones #1 and the sort also resulted in the appearance of some cells that expressed only huCD2 ‫)%5ف(‬ ( Figure 5 , right bot-#2); or in some clones, a majority of the cells expressed a single allele while the rest of the cells expressed both tom). However, this result is difficult to interpret, due to the fact that the ThCD2 Ϫ sorted population consisted alleles [huCD2 ϩ (Ϯ) IL-4, clones #3, #4 and #5; IL-4 ϩ (Ϯ) huCD2, clones #10 and #11]. of cells expressing IL-4 as well as cells that did not CD4 ϩ Th2 clones derived from (129/huCD2-KI ϫ C57BL/6)F1 animals were generated as described in Experimental Procedures. Clones were analyzed for huCD2 and IL-4 expression after overnight stimulation on anti-CD3 MAb (1 g/ml)-coated plates and treatment with PMA (50 ng/ml) and ionomycin (500 ng/ml) for 6 hr. Analyses were performed either 7 days (*) or 18 days (#) apart. In the latter case, the clones were restimulated at day 9 without being analyzed.
To assess the stability of allele-specific expression, influence the utilization of IL-4 alleles, such that the frequency of biallelic expression increases with the we determined the pattern of expression of huCD2 and IL-4 after restimulation of clones at least 7 days later. strength of signal delivered through the TCR. At this time, only a few genes are known to be reguWe observed that clones that expressed IL-4 were rather stable (with the exception of clone #9). Among the clones lated at the level of allele-specific transcription. These include the genes encoding T and B cell receptors that expressed huCD2 (Ϯ IL-4), some clones appeared stable (#1, #2, and #3), but others displayed partial (#4) (Malissen et al., 1992; Melchers et al., 1995) , olfactory receptors (Chess et al., 1994) , natural killer (NK) cell or complete (#5) switching to predominant expression of IL-4. More than five other clones behaved similarly receptors (Held et al., 1995) , X-linked genes (Riggs and Pfeifer, 1992) , and imprinted genes (Pfeifer and Tilghto clones #4 and #5 (data not shown). The phenotype of these latter clones (#4 and #5) can account for the man, 1994). These genes exhibit either random activation or silencing of one of the two copies of a gene or appearance of cells expressing only IL-4 upon restimulation of sorted huCD2 ϩ cells, as demonstrated in the parental imprinting. By analogy to IL-4, the expression of the NK receptor Ly49A gene is predominantly but study of sorted populations ( Figure 5 ). While we have observed switching within clones from expression of not exclusively monoallelic (Held and Raulet, 1997) . The activation of only one of the Ly49A alleles also seems the huCD2 KI allele to expression of the intact IL-4 allele, we have not yet isolated clones that revert from producto be the consequence of a stochastic mechanism. More recently, the expression of the IL-2 gene was suggested ing IL-4 to expressing mainly or only huCD2.
Our results thus suggest that, at the clonal level, Th2 to be regulated by random allele-specific activation (Hollander et al., 1998) . Curiously, all of the clones examined cells can express at least one and in some instances two alleles in a stable, fixed manner upon restimulation.
had silenced one of the two alleles, although the result may have been biased by measuring IL-2 expression at Although some of the huCD2 clones are stable, some switch back to producing IL-4. This instability, also illusonly one time point after activation and in a limited number of clones. Like IL-4, this cytokine gene is tightly trated upon restimulation of the cells sorted on the basis of huCD2 expression ( Figure 5 ), may be due to an intrinregulated during development and its expression is restricted to a T helper subset (Th1 in this case). IL-2 sic instability of the modified allele as compared to the wild-type IL-4 allele. It is also possible that IL-4 expresexpression has been shown to be regulated by an allor-none mechanism. This implies that a threshold in TCR sion is more stable and that IL-4 itself may exert a yet uncharacterized feed-back mechanism preventing the signaling is essential to promote the activation and the simultaneous assembly of all of the necessary transcripsecond allele from becoming active.
tion factors at the IL-2 promoter. This phenomenon leads to a relatively fixed level of IL-2 expression per Discussion cell (Garrity et al., 1994; Itoh and Germain, 1997) . A similar process was suggested for IL-4 expression in The above results show that introduction of a modified huCD2 cDNA into the IL-4 locus resulted in faithful ex-D011.10 TCR␣␤ transgenic Th2 clones. Upon increasing concentrations of peptide antigen, greater numbers of pression of the huCD2 reporter gene in Th2 and Th0 cells and not in Th1 cells, that only express IFN␥. As cells were shown to express IL-4, yet each cell expressed the same amount of IL-4 mRNA (Bucy et al., huCD2 expression was inducible upon T cell activation and down-modulated within 48 1994). Thus, spatial and time constraints similar to those proposed for IL-2 could apply for coordinated recruithr after stimulation. Another Th2-specific cytokine, IL-5, was produced at the same frequency in cells expressing ment of the multiple transcription factors required to achieve IL-4 expression. The limiting availability of these either huCD2 or IL-4.
Because this model renders each allele distinguishfactors might not only set the specific threshold responsible for the all-or-none transcription phenomenon but able from the other, we were led to the surprising finding that IL-4 expression is controlled by allele-specific actimight also limit the activation of a single allele at a time.
Our results are compatible with this hypothesis and with vation. Initially, each allele appears to be independently activated by a stochastic mechanism, at least upon low a model that at higher antigen doses (Ն 1 M in our experiments) greater amounts of factors can be generor moderate strength of stimulation as reflected by the frequencies of monoallelic and biallelic expression (Taated and assembled, leading to a higher fraction of the cells in which both alleles are transcriptionally activated ble 1). We tested whether biallelic expression was an acquired feature associated with T cell differentiation, (Figure 4 ). It will be of interest to determine if additional cytokines beside IL-4, such as IL-2, are regulated by enabling repeatedly stimulated lymphocytes or memory lymphocytes to promptly secrete large amounts of IL-4.
the same TCR signaling-dependent mechanism. The finding that the frequency of biallelic expression is Our findings clearly establish that it is the TCR strength of signaling that exerts the most profound effect on independent of IL-4 levels but depends on TCR signaling suggests that the strength of signal might determine at biallelic expression and not the developmental stage of the responding T cells (Figure 4) . It was demonstrated the clonal level the frequency of cells in which both alleles will be transcriptionally active (Figure 4) . The latpreviously that increasing the strength of TCR stimulation can increase the number of IL-4 expressing cells acter frequency could be determined by the strength of stimulation received at the time of the establishment cording to an all-or-none phenomenon (Bucy et al., 1994) . Our results provide an additional mechanism by of IL-4 expression and remain unmodified upon further stimulations. Subsequently, the successful establishwhich greater amounts of IL-4 per cell could be produced. The antigen dose thus appears to differentially ment of IL-4 expression on one allele might prevent the second allele from becoming active by an unknown An intriguing feature of the IL-4 gene is related to its chromosomal localization adjacent to two other genes, feed-back mechanism. The ability to generate stable clones in which cells express either IL-4 or huCD2 with IL-5 and IL-13, which are also expressed specifically in the Th2 effector subset. These three genes colocalize a certain frequency of biallelic expression is compatible with this hypothesis (Table 2) . However, the instability within a region of 200 kb. Although there is no evidence at this time for a common transcriptional regulatory cis of some of the clones, particularly those that express only huCD2, suggests that in some cells there can be element such as an enhancer or a locus control region, the existence of such an element is quite conceivable. resetting of the frequency of biallelic expression upon restimulation or that selective pressure may be favoring It would be of interest to determine if the IL-5 and IL-13 genes are also regulated by a mechanism involving cells that express IL-4. Alternatively, it is possible that the absence of IL-4 in huCD2-expressing cells prevents single allele activation. If these three genes compete for an upstream or downstream cis regulatory element, it the establishment of a feed-back mechanism necessary to stabilize the expression of the activated allele. Consecould be important that IL-4 be expressed from a single allele to ensure the expression of IL-5 or IL-13 from the quently, these cells are prone to revert to expressing IL-4. Further studies at the clonal level are necessary to other allele. In that instance, the expression of IL-4 could be fixed on one chromosome. Alternatively, the genes clarify these issues.
The physiological relevance of limiting the majority of could be sequentially transcribed in a stochastic manner if the cis regulatory element can switch back and forth Th2 cells to activating a single IL-4 allele is not immediately obvious. However, it is tempting to speculate that the between the promoters of several genes in a flip-flop mechanism, as previously suggested for the ␤-and levels of IL-4 need to be finely tuned, as slight decreases or increases may dramatically modify the outcome of ␥-globin genes (Wijgerde et al., 1995) . There may also be a hierarchy of sensitivity for stochastic activation of an immune response. Indeed, it has been shown that BALB/c animals infected with L. major are exquisitely each locus in response to variable strength or length of TCR signaling. This may account for variations in sensitive to IL-4 gene dosage. Heterozygous IL-4 ϩ/Ϫ mice are more resistant to L. major infection than the cytokine production among different Th2 cells.
In conclusion, our findings demonstrate that IL-4 exsusceptible WT animals, as reflected by the smaller lesions and the reduced ulceration and necrosis of the pression is regulated by allele-specific activation. This may be a mechanism for controlling the level of cytokine foot pads (Kopf et al., 1996) . This implies that small variations in the amounts of available IL-4 influence the expression in each cell or could, instead, be an important regulatory feature of the commitment of a precursor T outcome of the disease. IL-4 is also a growth factor for thymocytes during ontogeny (Carding et al., 1989) .
helper cell to a differentiated lineage. Further experiments are required to elucidate the mechanism and poHowever, high levels of transgene-encoded IL-4 are deleterious to T cell development and induce allergic intential physiological relevance of limited allelic activation. flammatory disease (Tepper et al., 1990) .
The TCR-regulated activation of one versus both IL-4 alleles may be important not so much for regulating the (Lerner et al., 1996; Zheng et al., 1998) . This restricted by I-A d .
observation, along with our results suggesting that the frequency of biallelic expression increases with the apoptosis. The transcriptional activation of both alleles side and a 5.1 kb fragment on the 5Ј side of the first exon (see would signal the IL-4-expressing cells that they have Figure 1A ). The inert huCD2 reporter cDNA was derived from the reached a point of terminal differentiation. Although we pFNeoCD2 vector containing the ⌬227-307 cytoplasmic domain mucan identify the cells in which both alleles are activated, tation (Hahn and Bierer, 1993) and from the H3M-CD2 vector con-
we cannot yet test this hypothesis, as the cells express taining the extracellular mutation Y91D (Peterson and Seed, 1987) .
huCD2 instead of doubling their production of IL-4. How- et al., 1993) . The resulting 2.2 kb NcoI/SalI fragment containing the mutant huCD2 cDNA and the "neo cassette" was cloned in place of the PCR mutated NcoI/SalI fragment of exon 1 (pZaz1 vector).
